Using time-dependent numerical simulations, we have examined the proposed rebound shock mechanism for spicules. The calculations include heat conduction and an approximate treatment of radiation. At temperatures above a critical value, T c , the radiation is characteristic of the conditions in the optically thin corona and near optically thin transition region. When T < T c , the atmosphere has a radiative cooling time, T rad , characteristic of the chromosphere. We initiate the spicule with a quasi-impulsive force in the low chromosphere, which drives a train of upward propagating rebound shocks along the rigid magnetic flux tube. These shocks then move the transition region upward. The material below the displaced transition region has temperatures and densities similar to those of spicules when T c > 20,000 K and T rad = > 500 s, but not when T c = 10,000 K, and probably not when T rad = 100 s. For all the cases we have studied where the cross sectional area diverges rapidly with height, the upward velocity of the transition region is less than that of spicules. Moreover, the maximum height is less than that of average spicules. Taller (maximum height ^ 10,000 km), higher velocity 23 km s _1 ) spicules result when the magnetic field cross sectional area is constant. In all cases, the rebound shock mechanism produces substantial motions and temperature and density variations in chromospheric and transition region material. We suggest that this may be a partial explanation for the continuous dynamic state of the lower solar atmosphere.
I. INTRODUCTION Spicules are one of the primary sources of outward mass flux from the chromosphere to the corona. Thus an understanding of their origin and evolution is vital to a complete understanding of the mass and energy balance of the outer layers of the solar atmosphere. Because of their small size, detailed data on the physical conditions in spicules are poor. They have constant upward velocities of some 25 km s -1 , reaching a maximum height of about 6500-9500 km or greater after 5-10 minutes. Typical inferred temperatures and densities are 8000-16,000 K and 10~1 3 g cm -3 , respectively, similar to those of the chromosphere. Some observations suggest that they may develop along lines of enhanced magnetic field associated with the supergranule network. Reviews of spicule properties include Beckers (1968 Beckers ( , 1972 , Michard (1974) , and Athay (1976) .
Many theories have been advanced to explain the generation and evolution of spicules (for summaries of earlier theories, see, e.g., Beckers 1968 Beckers , 1972 Bray and Loughhead 1974; and Campos 1984) . A particular class of theories based on nonlinear numerical modeling has received considerable attention in recent years. This class includes work by Hollweg (1982) and Suematsu et al. (1982) . These nonlinear studies are important since spicules themselves, with upward velocities comparable to or larger than the sound speed of the chromosphere, are nonlinear phenomena.
In the model due to Hollweg (1982, hereafter Paper I) , a disturbance near the base of a photospheric flux tube results in an upward traveling series of rebound shocks which lift the transition region. The material below the displaced transition region resembles spicules in its upward motion, velocity, and 1 NRC-NRL Cooperative Research Associate. density distribution (Paper I and Sterling and Hollweg 1988, hereafter Paper II) . The model is limited, however, since it neglects the dissipating effects of radiation and heat conduction (the work of Suematsu et al [1982] also neglects these effects). Foukal (1987) suggests that inclusion of these dissipative effects would reduce the shock strength enough to preclude the formation of spicules. In this paper, we reinvestigate the spicule model set forth in Paper I (which we refer to as the " rebound shock model ") with the effects of radiation and heat conduction included. Our results indicate that the mechanism can produce significant motions of chromospheric material and the transition region. In some cases these motions may resemble spicules. We conclude that the rebound shock model can probably account for some of the observed ubiquitous motions of the solar chromosphere and transition region. Because of the limitations of our calculations, along with the paucity of high-resolution observations of spicules, however, it is still not clear if the theory can account for the development of spicules.
II. NUMERICAL MODEL Our work consists of a study of induced fluid motions on a rigid magnetic flux tube in the solar atmosphere. A body force applied to the gas near the base of the flux tube drives the motions. We determine the subsequent evolution of the material along the flux tube by the following equations representing mass, momentum, and energy conservation : f t (pA) + -f z (pvA) = 0, Here p represents the mass density, v the fluid velocity, p the scalar thermal pressure, T the temperature, L the energy loss due to radiation, and S the background heating rate we use to maintain the atmosphere. The acceleration of gravity, g, is 2.7 x 10 4 cm s -2 . We assume an ideal gas with a ratio of specific heats, y = 5/3. The variable z is height in the solar atmosphere, with the density and pressure at height z = 0 coinciding roughly with zero height in the HSRA/VAL model solar atmosphere (Gingerich et al 1971; Vernazza, Avrett, and Loeser 1973, hereafter VAL) . We use, however, a photosphere and chromosphere which is isothermal at T = 6230 K in our model. The temperature satisfies the equation of state
where N is the total particle number density and k B is Boltzmann's constant. For the thermal conductivity, /c, we use the classical expression k; = 1.1 x 10-6 T 5/2 .
We take the rigid magnetic flux tube to have a cross sectional area A. which we use in most of our calculations, where A(0) is the area at z = 0. This geometry corresponds to a flux tube of radius of about 70 km at z = 0 which expands to 500 km in the corona. Since our study is one-dimensional, however, the actual value of the area factor is inconsequential; only the variation of the area over distance plays a role in the system's dynamics. As pointed out in Paper I, the rigid flux tube approximation is valid for heights in excess of z 10 3 km. We retain, however, the rigid flux tube assumption for lower heights also, noting that the principal dynamics of interest here, such as that which may be associated with spicules, occurs above z = 1000 km.
The radiation loss rate in the solar atmosphere varies appreciably from region to region: in the corona, the radiation is optically thin, while in the chromosphere the radiation is neither optically thin or optically thick. In order to simulate these differences, we utilize two different forms for L representing two radiation regimes, separated by temperature. When the temperature is above a critical value, T = T c (of order 10 4 K), we assume that the atmosphere has the radiation properties of the corona, and when T < T c we assume that the atmosphere has the radiation characteristics of the chromosphere. For T > 7^, we use
where N e is the electron number density, N p is the hydrogen number density, and $>(T) is a modified form of the optically thin radiative loss function given by Raymond (1979) . Between T = T c and 10 5 K we use a form for the radiation rates suggested by McClymont and Canfield (1983) , <D(r) = 0.646 x 10" 36 T 3 .
Equation (8) attempts to account for some of the optical depth effects of the nearly optically thin transition region.
To account for the radiation correctly in the photosphere and chromosphere, where T < T c , the radiative transfer equations would have to be integrated at each time step. This process would be prohibitively time consuming, and we therefore opt for an approximate approach based on the radiative cooling time of the chromosphere. Therefore, when T < T c ,we use ôp öp > 0 L =-¡ T rad (y -1)
.0 ôp <0
where ôp is the variation of the pressure from that of the initial atmosphere, and T rad is a characteristic cooling time. Equation (9) implies that pressure fluctuations above the ambient pressure will radiate on a time scale T rad . Note that no radiation occurs in rarefied regions if T < T c . The value of T c depends on the state of ionization of the gas in spicules. Significant ionization in the solar atmosphere may begin at about 10,000 K. Full ionization occurs at around 40,000 K, as indicated by VAL; we will regard this as a maximum value for T c . We do not know what value for T rad is appropriate for spicules. Since they have roughly the properties of the upper chromosphere, it seems appropriate to use cooling times for that portion of the atmosphere. In the upper chromosphere, Trad -500-1000 s (Spiegel 1957; Gibson 1972; Giovanelli 1978) . We will use the 1000 s value in most of our calculations, and assume it to be constant throughout the photosphere and chromosphere. Lower in the atmosphere the cooling times become much shorter (e.g., Gibson 1972) . Thus our assumption is consistent with the view that the dynamics is determined by the cooling rate in the upper portion of the atmosphere. We will, however, also examine the consequences of taking T rad = 100 s throughout the photosphere and chromosphere.
Our numerical model does not consistently handle the effects of ionization and recombination at this time. Instead, we assume a neutral gas (with a mean mass per particle p = 1.3) 1990ApJ. . .349. .647S SHOCK MODEL FOR SOLAR SPICULES 649 No. 2, 1990 for the purely hydrodynamical aspects of the calculation, and we assume a fully ionized plasma in the portions of the code involving the T>T C radiation expressions, i.e., in equations (7) and (8). All quoted temperatures (including values of 7^), as well as temperatures in the figures, use fi = 1.3. In the fully ionized case of equations (7) and (8), the radiation rates are calculated assuming the helium number density to be 6.3% of the hydrogen number density (Ross and Aller 1976) and H = 0.5724. The electron number density is related to the mass density by N e pZ P m P (l + Z) '
where Z is the mean ionic charge (1.059), and m p is the mass of a proton. The final terms in equations (2) and (3) represent the driving force, where the amplitude of the applied acceleration is F. To allow us to compare our results with the earlier calculations discussed in Paper I and the " reference model " calculations of Paper II, we set F equal to the acceleration of gravity. The spatial and temporal behavior of the applied force is contained in h(z, t); we choose a narrow (FWHM of a few grid points) Gaussian spatial distribution centered at the height z = 110 km, and assume a half sine cycle variation in time, lasting 90 s. These parameters are also the same as those chosen in Papers I and II. They result in an initial velocity disturbance with an amplitude of about 0.9 km s " 1 at the time of maximum force amplitude.
Equations (l)-(9) are solved using time-step splitting on a finite-difference grid. Convective terms are handled explicitly using a flux-corrected transport (FCT) code (see, e.g., Book, Boris, and Hain 1975; Boris and Book 1976) . The radiation when T < T c (eq. [7] ) is also calculated explicitly. The radiation when T > T c (eq. [9] ) and the heat conduction are evaluated implicity in order to maintain numerical stability.
The computational grid is constant in the photosphere and chromosphere, with a cell size of 15 km; this corresponds to a resolution of about 10 cells per scale height. The transition region has 10 km cells, and the corona has a grid with exponentially increasing cell sizes starting above the transition region. The lower boundary of the grid is located 300 km below z = 0.
We employ flow-through boundary conditions at both the lower and upper boundary. These conditions are implemented by extrapolating the value of a given convected quantity to a grid point just outside the boundary. The value on the boundary is then the average of the values at the grid points on either side of the boundary. When integrating equation (2), we first subtract off the static pressure balance equation from the righthand side; this helps to maintain equilibrium at the boundaries numerically, since the source terms on the right-hand side of equation (2) then vanish at i = 0.
In principle, the flow-through conditions would result in the free flow of material across the boundary. In practice, however, we found that a substantial fraction of the flux approaching the boundary was reflected there. In order to prevent the re-entry of this material into the useful part of the computational grid, we set up an ad hoc region near the boundaries in which any disturbances are gradually damped ; this technique was used by Sato and Hayashi (1979) . The damping region is set up by adding a term of the form -F(s -s 0 ) to the right-hand side of equations (l)- (3), where s is the convected quantity in each of the equations and F is a function of z which increases geometrically as the boundary is approached. The value of F is between 0 and 1 within 10 grid points of either boundary, and is zero at all grid points father into the interior. Waves entering the damping region from the physical region are damped while approaching the boundary, and again after partially reflecting off the boundary. The implementation of this ad hoc damping region, in conjunction with the flow-through boundary conditions, results in a substantial attenuation of the waves entering the physical region. The net result is that the amplitude of disturbances reflected off the boundary is always only a few percent of the initial disturbance approaching the boundary. Of course, any motions or waves must be regarded as unphysical after entering the damping region. All results involving such features are ignored.
in. results: no dissipation When thermal conduction and radiation are omitted from equation (3), our simulations should yield results similar to those presented in Papers I and II. Our dissipationless work does, however, differ slightly from previous work. The area variation factor we use ( Fig. 1) is not identical to that used in the previous studies. Also, we set up an initial atmosphere with a single temperature for the photosphere and chromosphere, and a transition region and corona determined by balancing a uniform volumetric heat input with radiation and heat conduction, as described in Mariska et al. (1982) . The previous rebound shock models began with an atmosphere with a single temperature characterizing the corona as well as a single temperature for the lower atmosphere, with a jump in temperature and density representing the transition region. We find that despite these differences, the qualitative features of our dissipationless calculation and of the previous work agree. Therefore, our presentation here is brief. Ample discussion of the rebound shock model without dissipation already appears in previous work (Papers I and II; Sterling and Hollweg 1989) . Here we present our dissipationless results so that they can be compared with the simulations that include thermal conduction and radiation. Figure 2 displays the principal result, with log T as a function of z plotted at various times. The bottom-most plot represents the initial temperature profile; each subsequent plot is 50 s later than the plot immediately below it. The top-most plot is at i = 1000 s. The atmosphere responds to the initial disturbance (which consists of a single pulse) by generating an upward propagating series of shocks. As discussed in Papers I and II, the shocks are the nonlinear manifestation of an acoustic gravity wave train oscillating near the acoustic cutoff frequency of the chromosphere, co ac = yg/2c s , where c s is the sound speed in the chromosphere. The first shock interacts with the transition region at i ~ 200 s, and moves it and some of the chromospheric and photospheric material below it upward along a ballistic trajectory. The transition region begins to fall at around t ^ 300 s, but the next shock in the shock train strikes it at i ^ 330 s before it returns to its initial height. This process is repeated several times, resulting in a nonballistic trajectory for the transition region. Paper I suggested that the material below the uplifted transition region represents a spicule, and pointed out that its nonballistic motion may be construed as being constant if observed with insufficient resolution. In our calculations the average upward velocity of the transition region is 15-20 km s -1 . The material below the uplifted transition region has a density distribution STERLING AND MARISKA Vol. similar to that observed in spicules. The transition region reaches a height of about 10,000 km after 1000 s.
Note that the second shock in the shock train is much stronger than the first, and does most of the lifting of the transition region. This is because the second shock travels through downflowing material associated with the first shock. Subsequent shocks become progressively weaker as the amplitude of the oscillations in the wave train diminish.
The temperature profile at i = 1000 s is replotted in Figure  3 . A three-layer structure has developed with chromospheric and photospheric material below z ^ 1000 km, coronal material at heights higher than z ^ 11,000 km, and a region of shock-heated material in the middle layer. One of the rebound shocks is visible in this middle region. We refer to the middle region as the model spicule; we retain this terminology even when the properties of the region deviate from those of observed spicules. The temperature, however, in this region is about 50,000 K, much higher than the temperature observed in spicules. Papers I and II speculated that much of the high temperature in the model does not occur in spicules because the temperature feeds radiation losses. We explore this idea in the next section.
iv. results: dissipation When thermal conduction and radiation are included in the simulation, we expect that some of the energy that powers the spicule will be lost. Here we examine how the spicule evolves under various assumptions about the nature of the radiative losses. We initially choose T c = 20,000 K and r rad = 1000 s. This is consistent with a picture in which the chromosphere is nearly optically thick with a constant radiative cooling time of 1000 s; and in which only gas above 20,000 K, much of the transition region and all of the corona, radiates with the characteristics of an optically thin plasma. Figure 4 displays log T as a function of z for this case at various times. The dynamics of this system vis-à-vis rebound shock formation is similar to that of the dissipationless case, except here the radiation has reduced the strength of the shocks. The result is that the transition region reaches a maximum height of only about 4000 km at i ^ 450 s, and its average upward velocity is only about 10 km s" ^ The third shock, which reaches the transition region at t ^ 500 s, contributes a substantial amount of heating to the model spicule. But in this case, much of the additional heat imparted to the gas beneath the shock is radiated away. Thus the temperature of the spicule reaches approximately 10,000 K near the top, and then begins to cool with a cooling time of 1000 s. This can be seen in Figure 5a , which plots T as a function of z at times t = 575 s, 600 s, and 625 s. At i = 575 s, the third shock has just passed through and heated the spicule region, now located between z ^ 1500 km and z ^ 3000 km, and the fourth shock is developing at around z = 1500 km. The higher temperatures near the top of the model spicule result from shock heating of lower density material. The temperature falls to about 7000 K just in front of the developing fourth shock. By r = 600 s, the temperature in the spicule region has become more uniformly distributed at T ^ 9000 K. The gas continues to cool via radiation, reaching about 8000 K at i = 625 s. The gas is reheated at later times after the passage Figures 5b and 5c display the corresponding density and pressure plots. The densities in the model spicule vary from 10" 12 to about 5 x 10" 14 g cm -3 . Note that the density scale height is much larger than that of the chromosphere below z 1500 km; this is in qualitative agreement with observations of spicules, and with the dissipationless results.
The shocks grow at a fast enough rate when their temperature is less than T c to overcome the effects of chromospheric radiation losses. This occurs since the characteristic sound travel time over a density scale height, (RT/g)/c s 20 s in the chromosphere), is much less than T rad . This implies that the radiation term in equation (3) is relatively unimportant when T <T C . However, when T > T c , the radiative cooling time is
Here, N p = N e = N. In the low corona, we might have iV = 3.1 x 10 8 cm -3 , p = 1.7 x 10 -2 dynes cm -2 , T = 4 x 10 5 K, and O(T) = 6 x 10" 22 ergs cm -2 s -1 . This yields T rad (T > T c ) ~ 450 s, which is comparable to the characteristic sound travel time over a coronal density scale height ( ^ 200 s). Thus the radiation plays a large role when T > T c . This strong radiation at higher temperatures impedes the formation of strong shocks.
From the foregoing, it follows that stronger shocks and a more energetic spicule region should result if T c is increased. Figure 6a displays T as a function of z for 7^ = 10,000 K and T c = 40,000 K, along with the T c = 20,000 K case. In each case, the plots are displayed near the time of maximum transition region height; this occurs after the second shock has passed the model spicule region and the third shock is beginning to develop at around z = 1000 km.
The most energetic spicules occur in the T c = 40,000 K case, with a maximum height of about 6000 km and a maximum temperature near 10,000 K. When T c = 10,000 K, however, the transition region only reaches z ^ 3000 km, and the " spicule " material has temperatures below that of the ambient chromosphere.
This set of simulations is continued in Figure 6b , with plots at a time when the third shock has just passed through and heated the spicule. The resulting spicule temperatures when 0 12 3 4 5 6 z (Mm) Fig. 6. -(a) Temperature as a function of height in the rebound shock model with radiation parameters i rad = 1000 s, and T c = 10,000 K (long dash) at i = 400 s; T c = 20,000 K (solid) at i = 400 s; and T c = 40,000 K (short dash) at i = 450 s. In each case, the transition region is near its maximum height for the given value of T c , and the third shock is developing at the bottom of the model spicule region, (b) Same as (a), except at time when the third shock has passed the spicule region and the fourth shock is starting to develop near the base of the region. In this case, the T c = 10,000 K plot is at i = 550 s, the T c = 20,000 K plot is at i = 600 s, and the T c = 40,000 K plot is at i = 650 s.
T c > 20,000 K are near those of observed spicules. When T c > 10,000 K, the spicule temperature still has not exceeded that of the 6230 K ambient chromosphere; this is not a characteristic of observed spicules.
The average upward velocities of the transition region when T c = 10,000 K and 40,000 K are both about 15 km s -1 . In the former case, however, the transition region nearly reaches its relatively low maximum height 2900 km) after only 50 s (after interacting with only the first shock). It may therefore be misleading to compare the T c = 10,000 K velocity results with the velocities in other cases.
In Figure 7 we plot the radiation cooling rate when T < T c , given by equation (9), for the T c = 40,000 K curve (short dashed) in Figure 6b . The value exceeds 10" 2 ergs cm -3 s -1 at and below the location of the fourth shock. (Gaps in the plot are locations where Sp <0, and the radiation given by equation [9] is zero.) The radiation rate decreases with height in the model spicule above z 1500 km, and drops to below 10 -4 ergs cm -3 s -1 near the model spicule's top. The drop stops in the transition region near z = 4600 km. These predicted radiation rates would be superposed upon the background radiation of the chromosphere. Avrett (1985) gives values for observed cooling rates in the chromosphere ranging up to about 10" 1 ergs cm -3 s _1 below 1000 km, as does Ulmschneider (1974) . This is comparable to the rates of Figure 7 below about 400 km. The values in the figure are only representative, however, since the distribution of shocks and pressure variations in the system differ at differing times, yielding different radiation cooling rates as a function of z. Figure 8 displays log T as a function of z at various times when T c = 20,000 K and T rad = 100 s. The times of the plots and all other parameters except T rad are the same as in Figure 4 above. In this case, again enough of the energy of the shocks is radiated away in the chromosphere to prevent the formation of spicules with temperatures exceeding that of the ambient chromosphere. We find similar results when t rad = 100 s and T c = 40,000 K (Fig. 9b) . At i = 600 s, the spicule temperature does exceed the ambient chromosphere temperature, but it is Fig. 7. -The radiation cooling rate when T < T c , given by eq. (9), as a function of z in the rebound shock model with radiation parameters T rad = 1000 s and T c = 40,000 K at i = 650 s; this corresponds to the short dashed plot in Fig. 6b . The gaps in the plot correspond to locations where ôp <0, and the radiation cooling rate is zero. still substantially lower than in the T rad = 1000 s, T c = 40,000 K case. Moreover, we find in this case that the spicule region's temperature excursions into the super chromospheric temperature range are transitory; during most of the calculation the spicule region's temperature is less than 6230 K. Fig. 9. -(a) Temperature as a function of height for the same case as in Fig.  8 . In the solid curve, the third shock is developing at z ~ 1100 km (t = 400 s). In the short dashed curve, the fourth shock is developing at z ~ 1300 km (t = 600 s). The shorter radiative cooling time when T <T C results in a model spicule region with temperature below that of the ambient photosphere and chromosphere, (b) Same as (a), except T c = 40,000 K. Finally, we note that the choice of area variation factor, A(z), can have an effect on the properties of the model spicule. Figure 10 displays log T as a function of z when A(z) = constant and T c = 40,000 K, at the same times as used in Figure 4 . The putative spicule is more energetic in this case since the energy input in the initial force does not become redistributed over an increasing area at greater heights. Thus we find that the resulting spicule exceeds 10,000 km in height and has an average upward velocity of about 23 km s -1 . The spicule temperatures reach around 20,000 K (Fig. 11) . We also found that in this case densities range from about 10 -11 g cm -3 near the spicule base, to about 10" 13 g cm -3 just below the raised transition region. These properties are similar to those of observed spicules.
V. DISCUSSION AND CONCLUSIONS
We have reinvestigated the rebound shock model of spicules taking into account the effects of radiation and heat conduction. We find that many of the features of the dissipationless O o o z (Mm) Fig. 11 .-Temperature as a function of height plots corresponding to case of Fig. 10 . The third shock is developing near z = 1500 km at t = 450 s {solid), and the fourth shock is developing near z = 2000 km at t = 850 s {short dash).
calculations are retained : a train of rebound shocks forms, the shocks lift the transition region to higher heights, and the gas beneath the uplifted transition region is heated by the shocks.
The shock train develops and evolves as follows. The initial disturbance generates an upward traveling acoustic gravity wave which nonlinearly steepens into a shock. This shock displaces some photospheric and chromospheric material (along with the transition region) upward. Some of this material falls downward in response to gravity, eventually leading to the formation of a rebound shock when falling material compresses and rebounds off the photospheric and chromospheric material below. This second shock moves through falling material associated with the first shock, resulting in a shock somewhat stronger than the first. This second shock therefore moves the transition region a larger distance than the first shock. The second shock also compresses the ambient gas and deposits a substantial amount of thermal energy in the material in the spicule region. This process is repeated, leading to a train of rebound shocks. The rebound shocks become successively weaker. Individual shocks lose strength while propagating upward as kinetic energy is first converted to heat via shock heating, and then radiated away.
The compressed material in the spicule region radiates its thermal energy with a cooling time given by T rad when T < T c . Thus the material begins to cool. The principal contribution of the third and subsequent shocks to the spicule model is the repeated heating of the material in the spicule region. In our calculations, the spicule region obtains maximum temperatures of only 10-20,000 K, and cools between shock passages. This repeated heating and cooling of spicule material on a time scale of about 2n/co ac ~ 220 s in the photosphere and low chromosphere may be an observational signature of the rebound shock mechanism.
This heating and cooling behavior is in contrast to the calculations without dissipation, where the temperature in the spicule region continued to rise over the duration of the calculation. Those dissipationless calculations therefore resulted in temperatures often exceeding 50,000 K in the spicule region (Papers I and II, and Fig. 3 above) . Eventually, a situation was reached where the thermal energy of the model spicule came into balance with the gravitational energy after the motions of the system diminished. As a result a new hydrostatic equilibrium was approached, with the transition region remaining raised (Paper II). In our calculations including dissipation, no such new equilibrium is approached. Instead, the balance of gravitational and thermal energy of the system (after the kinetic motions diminish) is constantly readjusted in such a manner that the average height of the transition region decreases over time after a maximum is reached.
Radiation weakens the shocks in the system enough to restrict movement of the transition region to heights below those obtained in the corresponding dissipationless cases. When T c = 40,000 K and T rad = 1000 s, the maximum height reached by the transition region is about 6000 km (Fig. 6a) , versus 10,000 km in the case without dissipation (Fig. 2b) .
Some characteristics of the spicule region in our calculations conform to the characteristics of observed spicules. For example, the model densities (^ 10" 13 g cm -3 ), temperatures (5000-20,000 K), and time over which the transition region rises ( ^ 4-8 minutes) correspond closely to the properties of observed spicules when T c > 20,000 K and T rad = 1000 s. When T rad = 100 s, however, the resulting features are probably too cold to represent spicules. STERLING AND MARISKA Vol. 349
Finally, we have examined cases where T rad = 500 s. The results are consistently qualitatively and quantitatively similar to the corresponding T rad = 1000 s results. We therefore generalize our results of the T rad = 1000 s runs to T rad > 500 s. This indicates a significant change in behavior of the rebound shock model, as presented here, between the cases with constant chromospheric radiative cooling times of 100 s and 500 s.
The chief disagreements between observations and our calculations involve the maximum spicule height and the upward velocity. We have attempted to vary the model parameters to see if the observed properties can be reproduced by the model. Paper II addressed this question in the context of the dissipationless calculations and found that both the upward velocity and the height of the spicule increased as the initial driving force magnitude or the initial transition region height is increased, or as the driving source height is decreased.
We find that changing the initial driving source magnitude or the initial transition region height does not appreciably increase the transition region's maximum height or upward velocity in the model with dissipation. For example, when the input force magnitude is doubled, the maximum spicule height only increases by about 15% ( a few hundred kilometers) in the case with T c = 20,000 K, t rad = 1000 s, and the area factor of Figure 1 . For the same case, increasing the initial transition region height by 100 km again results in a maximum transition region height increase of only a few hundred kilometers.
Results with different values of T c are similar. These results contrast with the dissipationless calculations of Paper II, which show that the same modifications in input parameters lead to spicule height increases of several thousand kilometers. The difference is that here the more important factor is the radiation rate when T > T c . Increasing the magnitude of the input force does lead to somewhat stronger shocks, but once the temperature of the shock exceeds T c , optically thin radiation losses reduce the shock strength enough so that they only move the transition region an extra few hundred kilometers. Similarly, increasing the initial height of the transition region on the order of a density scale height means that the shocks have more time to grow before reaching the transition region, but again the growth of the shocks is hindered by the high radiation rates when the shock temperature exceeds T c .
The effect of the radiation losses on the shock strength is more pronounced with the stronger shocks. This is because stronger shocks have a larger temperature fluctuation above T c . Weaker shocks (with temperature fluctuations less than or about equal to T c ) are not as strongly curtailed by the T > 7^ radiation. One consequence of this is that the above modifications to the driving source magnitude and initial transition region height do result in a stronger first shock, since that shock's temperature is generally less than 7^. As a result the transition region responds more vigorously to the first shock, producing a larger initial velocity of the transition region and a higher (ballistic) height in response to the first shock. The maximum height of the transition region is, however, still determined by the strength of the second shock, which is stronger than the first and therefore more susceptible to mitigation by the T > 7^ radiation.
We have not done calculations with the input source height reduced, since T rad is known to decrease dramatically at lower heights in the chromosphere and in the photosphere (e.g., Gibson 1972) . Our assumption of constant T rad under such circumstances would probably be an egregious oversimplification. Much of the dynamics of the rebound shock model, however, may still ultimately be determined by the radiation cooling times of the middle and upper chromosphere, since a disturbance originating at lower levels and reaching the middle layer of the chromosphere would grow in accord with that region's higher T rad . It is unclear, however, if upward propagating waves generated closer to z = 0 could persist through the fast cooling time regions of the low photosphere and generate the motions described in this paper. More detailed studies on this question are needed.
The nature of our driving source at z ^ 110 km remains an outstanding question. Possibilities include buffeting of the magnetic flux tube by granules or motions induced by the photospheric 5 minute oscillations. Our postulated source generates velocities of about 0.9 km s _1 at the time of maximum force amplitude (t = 45 s) near z = 110 km. At this height, overshooting granules may generate motions of 0.6 km s ~1 or larger, and oscillation induced motions could be comparable (Canfield 1976; Bray, Loughhead, and Durrant 1984) .
Including radiation losses in the calculations results in a less energetic model spicule. For example, when T c = 40,000 K and r rad = 1000 s, we find that the total energy ( = kinetic + thermal + gravitational) in the system is reduced by about 60% below the total energy in the dissipationless case. We have also estimated the total energy in ergs cm -2 radiated by the T c = 40,000 K, T rad = 1000 s spicule model by integrating equation (9) over time and the length of the model spicule. Taking the lower limit of the height integral to be 1200 km yields 7 x 10 8 ergs cm -2 for the radiated energy over the first 1000 s. This value is probably an underestimate, since it omits contributions of the optically thin and near optically thin radiation when T > T c .
Although the flux tube geometry which may channel spicules is not known, the geometry indicated by Figure 1 is a guess based on observations of intense magnetic flux tubes in the photosphere of diameter less than or about equal to 300 km (see, e.g., Spruit and Roberts 1983) which presumably expand to at least a spicule diameter. We have assumed a spicule diameter of about 1000 km. Recent high-resolution observations of spicules have, however, found spicule diameters to be 450-600 km (Nishikawa 1988) . This indicates that our area variation in Figure 1 may be too severe. But it is probably pointless to speculate about details of the flux tube configuration, given the paucity of observational data on this point. Instead, we merely note the potential importance of the area variation question vis-à-vis rebound shock models of spicules by performing calculations with our code taking A(z) to vary as in Figure 1 , and constant A{z). In the latter case, much more energetic features, with properties close to observed spicules, result.
We find that, in all cases examined, the acoustic rebound shocks lead to some movement of the transition region, and some cases lead to heating of the gas beneath the transition region. Such motions and heating may represent some of the ever-present dynamic and thermodynamic activity of the solar photosphere, chromosphere, and transition region. To say whether or not the model is responsible for the generation of spicules requires more detailed knowledge of the magnetic field structure, and a more complete treatment of radiation in the simulations. Mariska and Hollweg (1985) also studied the effects of motions in the solar atmosphere subject to heat conduction and radiation. Their work, however, is fundamentally different from ours. They studied Alfvénic pulses, whereas we are only looking at acoustic fluctuations. For their radiation losses, they only considered the case with optically thin radiation 1990ApJ. . .349. .647S SHOCK MODEL FOR SOLAR SPICULES 655 No. 2, 1990 down to 10,000 K, and no radiation at lower temperatures. They found that spicule-like structures did not occur with or without the dissipation included, but we find spicule-like features in the dissipationless case of § III, as well as in some of the cases with dissipation discussed in § IV.
